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Summary
This thesis describes an experimental investigation of the velocity and vorticity 
distributions in the flow field behind wing-tip devices.
During the experimental programme, four types of full size wing-tips from the 
sailplanes were investigated experimentally. Effort was focused on gaining a greater 
understanding of how the wing-tip geometry modifies the vortex structure behind the 
wing.
The research involved examining the velocity and vorticity distribution in the flow 
field, using hot-wire anemometry. In order to cairy out measurements with the hot­
wire anemometry system, a new traverse mechanism was designed, manufactured 
and set-up. This traverse mechanism was integrated with the other test 
instrumentation to create a complete measurement chain. The complete system 
allows fully automated hot wire measurements to be made over a defined area using 
programmable test parameters. The measurements were performed in the Handley- 
Page wind tunnel of the Aerospace Engineering Department at the University of 
Glasgow.
Firstly, the flow field behind a G-304 sailplane’s standard wing-tip was measured to 
determine the vorticity structure and wing tip vortex location. The next step of the 
project was to test two versions of the G-304 sailplane’s winglet and one wing-tip 
extension to clarify the effect these have on the vorticity structure and downwash 
distribution.
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The flow fields behind the wing tip models were measured in three planes at 
different angles of attack. For all tests the free stream velocity was set at 33 m/s 
(118.8 Km/ll) which corresponds to a Reynolds number of Re = 0.8 xlO*^  based on 
the mean chord of the main wing. Data analyses and graphical presentations were 
earned out using Tecplot software in the form of vector plots of velocity distribution 
and contour line plots of the vorticity component.
The results illustrate the effectiveness of the system in capturing the differences in 
the flow structures behind the various wing tip devices.
They also highlight the role of the different wing tip slopes in modifying the wing 
induced flow field. This allows conclusions to be drawn in terms of the contribution 
of winglet to the total circulation and to the induced drag.
Ill
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Chapter 1
1. Introduction
In the late 1960s, designers began experimenting with ‘small’ vertical extensions on 
wing tips to reduce the formation of tip vortices. The winglet concept actually dates 
back to 1897, when Frederick Lanchester took out a patent on the idea, incorporating 
it into some of his wing theories (Lanchester, 1907). His wing had two ‘capping 
planes’ at the end of it, that became known in the 1920s as ‘end plates’, when Prandtl 
extended his basic lifting line concept (Prandtl, 1920). Lanchester and Prandtl had 
been working on similar theories but they had difficulties communicating with each 
other (Jupp, 2001). Independently they established the classical model of trailing 
vorticity behind a wing today known as ‘Lanchester-Prandtl theory’.
The initial effort on winglets started at NASA in the 1960s. The procedures how to 
manage such wing arrangements were presented at NASA. (Blackwell, 1969). 
The real break-through in winglets was made by Whitcomb. In 1976, Richard 
Whitcomb, a NASA aerodynamicist, published a paper that compared a wing with a 
winglet and the same wing with a simple extension to increase its span. Whitcomb 
showed that winglets reduced drag by about 20 percent and increased the wing lift- 
diag ratio by approximately 9 percent. Induced drag represents about 30 percent of 
the total drag of a transport plane at cruise condition, so the induced drag reduction 
has a significant effect on fuel consumption. Whitcomb began a focused 
investigation into winglet aerodynamics and tested several designs in the wind 
tunnels at the NASA Langley Research Center (Whitcomb, 1976).
The first industry application of the winglet concept appeared on general aviation 
passenger jets. For instance, it has been claimed that a winglet on a B-747 can 
significantly reduce fuel consumption on long-range flights. Research into the effect 
of winglets on first generation jet transport wings showed that they can produce 
reasonable drag reduction at high lift conditions (Montoya, 1977), (Fell).
Winglets are now being incorporated into most new commercial aircrafts such as the 
Boeing and Airbus transport jets. Airbus has added winglets to the A310, A300-600, 
A318/319/320/321 (except the A320-100), A340 and the A380 to improve wing 
aerodynamic efficiency. The A300 and A310 established Airbus as a major 
competitor to Boeing and allowed the company to go ahead with the more ambitious 
A330/A340 family. Since the 1980s, most high performance sailplanes also have 
vertical wing tip extensions.
1.1 Induced Drag and Wing tip Vortex Formation
Airplanes have tliree primary sources of drag (Figure 1). The first part comprises the 
basic airfoil and parasite drag, the second is induced drag or drag due to lift and the 
third source is caused by compressibility effects. The parasite drag relates to the 
increased skin friction and form drag arising from the interference effect of airplane 
parts. For sailplanes, compressibility drag is not an issue. The induced drag is a 
significant contributor to the total drag at high angles of attack and is a result of 
generating lift on a finite wing.
go
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Figure 1. Drag vs. speed
Literature suggests that the percentage of induced drag is about 70% of the total drag 
during climb, 25% during cruise and 40% during landing (Volkers, 1996). It is 
therefore feasible to try to reduce the induced di'ag as a means o f improving the 
aircraft perfonnance. It is generally assumed that the induced drag is independent of 
the viscous drag, so it is calculated for a non-viscous fluid (Eppler, 1995). The total 
drag coefficient is composed of two parts, the zero lift drag and the induced drag. 
The induced drag is often written in a coefficient form as;
Cr C lK • AR ' e (1)
where Cl is the aeroplane lift coefficient and AR is the wing aspect ratio. High 
aspect ratio wings have lower induced drag than short, thick, low aspect ratio wings 
(Figure 2). In addition, the wing platform shape also affects the induced drag. The 
parameter e, called the efficiency factor or Oswald’s factor, is a function of the 
aeroplane geometry and configuration. It is equal to 1.0 for an elliptic lift distribution 
on a wing and is less than 1.0 for any other aeroplane configuration.
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Figure 2. Drag coefficient and lift coefficient vs. aspect ratio
Generally, the shape of a wing is designed such that the flow particles have to travel 
longer distances along the upper surface of the wing than along the lower surface, 
when the wing passes tlrrough the air. Due to this, the dynamic pressure is greater 
above the wing than under it and consequently the static pressure is lower above the 
wing than under the wing. This pressure essentially generates the lift required.
This pressure difference gives rise to a secondary flow at the wing tip. Air tends to 
flow from an area of high pressure to areas of lower pressure. The effect of this 
secondary flow is a deflection o f the free stream, called outwash on the lower surface 
and inwash on the upper surface. This deflection of the air stream caused by the 
pressure difference combined with the foiward movement of the plane produces a 
wingtip vortex (Figure 3). The vortex contains energy in the form of a swirling flow.
Voo
Outwash
Inwash
Figure 3. Inwash, outwash and vortices development
The wing tip vortices on large aircraft can he so powerful as to endanger smaller 
aircraft flying behind them. The energy in the vortices can be modified through 
displacement or reduction. These modifications can be further categorized as active 
and passive devices (Jarvis, 1999).
Active devices are devices added to the wing tips which incorporate moving parts. 
One of these ideas is the wing tip turbine (Patterson, 1991). Wing tip propellers have 
also been proposed as a method to reduce induced drag (Snyder, 1968).
Passive devices have fixed geometries and work to sustain the high pressure on the 
bottom of the wing and the low pressure on the top of the wing whilst modifying the 
tip vortex structure. Wing tip modifications such as the cut wing tip or drooped wing 
tip modify the vortex by simply changing the tip geometry. These modifications
change the location of the vortex core. In this way, the effective span of a wing can 
be increased, reducing the induced drag.
Basic modifications to wing tips can be achieved through the addition of surfaces 
such as end plates. A more efficient approach, however, is the Whitcomb winglet 
which takes advantage of twist to get a component of the winglet’s lift in the tlimst 
direction. Another example of this type of approach is the wing tip sail (Allen, 
1976), (La Roche, 1996).
1.2 Winglets for Sailplanes
Different classes of airplanes have different requirements. A fighter aircraft has a 
low wing aspect ratio in order to suppress compressibility effects and moreover to 
acquire acceptable manoeuvrability. Conversely low fuel consumption is one of the 
main requirements for transport planes during cruise. In comparison, sailplanes 
require an efficient wing design in order to remain aloft for as long as possible.
Theory and experience have shown that the most efficient sailplane wing is one that 
is very long and slender. Having a high aspect ratio wing (2) is one way of cutting 
wing-tip losses. In essence, the longer wing has the same tip losses but those energy 
losses will affect a lesser proportion of the total wing (Figure 4). In other words, the 
lift is distributed over a longer wingspan and the trailing vorticity is spread out, 
dissipating less energy.
Î î
Figure 4. Lift distribution over low and high wing aspect ratio
Wing Aspect Ratio AR :
A R  = ^ ‘ where S ... Wing Area (2)
From a structural point of view, a long wing is prone to bend and has to be 
strengthened; this adds weight. The winglet provides the effect of an increased 
aspect ratio without extending the wing-span and so does not increase the wing root 
bending as much as an actual span extension would. The moment arm of the lift fi'om 
a span extension is approximately 45% of the wing semi-span whereas the moment 
arm of winglet lift is roughly only one-half of the vertical winglet span. This small 
increase does not overload the wing or significantly alter the standard operating 
limitations. The addition of winglets on sailplane wings also improves the maximum 
lift/drag ratio, which is of importance for sailplanes under span-limited F AI 
requirements (Thorsen, 1999).
The first sailplanes to have winglets were the ASW-20FP, GEMINI and NIMBUS 3. 
Sets of Whitcomb style winglets were fitted to these wings in the late 1980’s. Flight
7
tests carried out on these sailplanes demonstrated the effect o f winglets on high 
aspect ratio wings (Marsden, 1991).
The primary effect of the winglet is to control the cross flow in the tip region of the 
wing in such a way as to reduce induced drag by displacing the vortices outward. 
The air flowing over the winglet, due to the presence of the tip vortex, strikes the 
winglet at an angle of attack. The winglet, like any wing, also produces lift which, in 
this case, has a component in the forward direction. Thus, the winglet produces 
thrust (Figure 5). This thrust component alters the cross flow at the wing tip and 
recovers some of the performance that would be lost thi'ough the additional drag 
caused by the increase in wetted area.
Forward
Thrust
Component
In wash
Figure 5. Winglet thrust
The induced drag coefficient is proportional to the square of the lift coefficient hence 
the reduction in drag also improves climbing capability (Nicks, 1983) (Nicks, 1993). 
This improvement can be used when sailplanes circle in thermal bubbles, the main
source of power to stay aloft (Kiceniuk, 2001). To have a maximum cross country 
speed during sailplane competitions is another important consideration. The induced 
drag benefit of winglets is greatest at higher lift coefficients and lower flight 
velocities, while the profile drag penalty grows in magnitude as the lift coefficient 
decreases and the velocity increases. Hence, the design of winglets must involve the 
compromise of maximizing the low speed improvement without sacrificing high­
speed performance (Smith, 1997).
The winglet added to the ASW-19 sailplane clearly showed that for some speeds the 
friction drag could exceed the induced drag reduction provided by winglets (Masak, 
1992). A coiTectly designed winglet can, however, be reasonably effective as 
illustrated in a study using the ASW-20 sailplane (Crosby, 1996).
The minimum induced drag depends on maximizing both the span and the span 
efficiency. The span efficiency usually decreases with increasing span. The lift 
distribution of a very high aspect ratio wing can be far fiom elliptical. As a result, the 
increase in span efficiency due to a properly designed winglet can cause a greater 
reduction in induced drag than a comparable span increase (Maughmer, 2001).
1.3 Aim of the Project
The aim of the project consists of three particular tasks which may be specified as
follows:
1) Design and manufacture of a new experimental facility making possible 
measurements of velocity distributions past wing models in a wind tumiel.
A particular feature of this facility was the traverse mechanism. This had to cover 
a region of the flow field large enough to capture the vortex systems of the 
models tested in the Handley Page wind tunnel. Moreover it had to reduce the 
acquisition time associated with previous traverse systems.
2) Verification of the operation of the experimental measurement system in terms of 
data validation, processing of the results and general reliability of the system.
3) Make introductory measurements to investigate the distribution of induced 
velocity downstream of the wing and to examine the effect of wing tip geometry 
on the wing vortex wake.
1 0
Chapter 2
2. Test Facilities
The measurements were performed in the Handley Page wind tunnel, of the 
Department of Aerospace Engineering at the University of Glasgow, using hot wire 
anemometry. In order to carry out these measurements a new traverse system was 
designed and manufactured.
2.1 Wind Tunnel
The Handley Page wind tunnel is an atmospheric low-speed wind tunnel with 
a closed return circuit (Figure 7) equipped with a rectangular test-section 
of dimensions 2.15 m by 1.60 m and of length 3.38 m (Figure 6). The comers have 
650 mm fillets that house lamps to provide lightings. Visual access to the working 
section is provided by 0.84 square meters of plate glass and acrylic windows that 
permit the model to be viewed from many angles. A turntable 0.97 meter in 
diameter, built into the test section floor can rotate models mounted on it. Several 
venting slots in the tunnel walls at the test section exit maintain near atmospheric 
static pressure. < —  - —  _'^ .0 m
Nozzle
-2 J5 m
Turntable 
Venting Slots
Figure 6. Wind tunnel test section
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The nozzle ahead of the test section has a contraction ratio of 4:1. The power supply 
is an electric motor that drives a fan, 2.3 m in diameter, to provide the airflow in the 
wind tunnel. The tunnel can reach speeds up to 60 m/s.
B - B
16,40 m
c - c
%  -
3,38 m
A - A G - G  F - F E - E
D - D
Power Unit Fan M eosurennent
section
Nozzle
Figure 7. Handley Page wind tumiel circuit
Dimensions of the wind tunnel cross-sections [mm]:
A-A 1900x 1900
B-B 2200 X 2200
C-C 3000 X 4000
D-D 3000 X 4000
E-E 1600x2150 
F-F 1600x2150 
G-G diameter 2300
1 2
2.2 Wind Tunnel Test Configuration
2.2.1 Measurement Procedure
The measurement chain consists of x-wire sensor, a TSI IF A 300 constant 
temperature anemometry system, a personal computer, a SMOCI transmitter and a 
traversing mechanism as shown in Figure 8.
BNC C'oniputcr 
AdapterX-wirc Scnsoi
If A 300 C IA System  
Back Panel
I riggering
RS-232 C 
Digital Control 
Line
SMOCI  
I ransmitter
HnSS 1)
Step motors
Investigation (irids
Figure 8. Wind tunnel test configuration
The X-wire sensor is connected to two channels of the IF A 300 by coaxial cables. 
The IF A 300 hardware converts the acquired signals from the sensors and transmits 
them to the controlling computer via a BNC adapter block and data acquisition card. 
The IF A 300 software installed on the computer processes the recorded data. Once 
the data have been recorded for an entire Y traverse, a master program, written in
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LABView, sends a new instruction to the SMOCI unit. The SMOCI transmitter 
converts the instruction into the signal needed by the stepper motors to move the 
traverse to its next Z position. When the traverse mechanism reaches this new 
position, another signal is sent to it and it begins its Y traverse. The x-wire sensor 
continually samples data during this traverse and sends the signal to the computer. 
This process continues until measurements have been made over the entire 
measurement grid. The models were mounted vertically on a base plate that was 
secured to a rail track mechanism (Figure 9). This mechanism allowed the model to 
be moved backwards and forwards in the wind tunnel working section to change the 
distance between the model and the hot-wire measurement plane. In addition, the 
base plate was designed to allow the incidence of the model to be changed.
k
Figure 9. Wind tunnel test section and winglet model position 
2.2.2 Traverse Mechanism
The computer controlled traverse mechanism for probe positioning and data 
acquisition was specifically designed and manufactured for the present project.
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The traverse is a motorized two-component mechanism that can move the probe to 
any point within a 850 mm x 930 mm grid. In the present series of tests the traverse 
mechanism was mounted behind the test models such that measurements could be 
made in planes perpendicular to the onset flow. The location of the measurement 
plane with respect to the test model could be varied using the model mounting tracks 
stated previously. The horizontal motion is provided by a large, off-the-shelf linear 
slide driven by a stepper motor (Figure 10). Vertical movement is provided by 
a purpose built traverse mechanism based on a precision ball screw, which 
is positioned in front of a linear slide mounted on an aluminium box-section support. 
The carriage of the ball screw is connected to the carriage of the linear slide and so, 
when the ball screw is driven by a stepper motor, the carriage moves up and down. 
The incremental resolution of the linear motion is 0.03 mm.
. - _ n
Figure 10. Traverse mechanism
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The traversing mechanism was located near the exit of the test section and mounted 
to the laboratory ground through a frame. The frame carrying the traversing 
mechanism had no connection to the wind tunnel walls.
The way in which the traverse is assembled is shown in Figure 10 above and Figure 
11 shows the assembled traverser in the wind tunnel together with a winglet model.
Figure 11. Winglet models (1:1) placed in Handley Page wind tunnel 
2.2.3 Hot Wire Anemometry
The hot-wire anemometer uses a small, electrically heated element exposed to a fluid 
medium (e.g. air flow) to analyze the flow field. A wire was used as the heated 
element during all testing. Since the wire is sensitive to heat transfer between the 
wire and its environment, temperature changes of the wire can occur. The velocity of 
the air is measured by its cooling effect on the heated sensor. The hot-wire sensor is 
able to read instantaneous values of the velocity up to high frequencies. A two-wire 
sensor is capable of measuring two velocity values and their directions as well as the 
turbulent fluctuations in the flow field. The Constant Temperature Anemometer 
(CTA) method is based on the fact that the sensor’s resistance will be proportional to 
the temperature of the wire (3). A feed-back loop in the IF A 300 System (Figure 12)
16
maintains the wire at a constant temperature (voltage). When the sensor is placed in 
a flow, the air flowing over the wire will try to cool it. In order to keep the 
temperature (wire’s resistance) constant, the voltage will have to be increased. If the 
flow is faster, the voltage will be higher. Therefore, the output of the sensor wire 
represents the instantaneous velocity in the flow.
E
Q = IE = I^R = ^^ R (3)
Figure 12. CTA bridge 
Measurements of the magnitude and associated direction of the time-dependent 
velocities behind the winglet models were obtained using a DANTEC 55P61 cross­
wire probe connected to a TSI IFA-300 three-channel constant temperature 
anemometer system (Figure 13). The sensor wires on the probe are 0.005 mm 
diameter platinum plated tungsten wires with a length/diameter ratio of 250, which 
form a measuring volume of approximately 0.8 mm in diameter and 0.5 mm 
in height. The wires are positioned perpendicularly to each other corresponding to 45 
degrees from the free stream direction which gives the best angular resolution.
Figure 13. X-wire sensor Dantec 55P51
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An additional temperature probe was used to correct the anemometer output voltages 
for any variation in ambient flow temperature. For probe calibration, an open jet 
vertical wind tunnel with a maximum operating velocity of 43 m/s was used. A 
support allowed the sensors of the X-wire probe to be rotated by 30 degs in the plane 
of the sensors. Variation of the flow velocity and yaw angle then enabled the 
coefficients of the effective velocity method to be determined (Appendix E).
Figure 14 shows how the hot-wire anemometry system was integrated into the 
overall measurement system.
Traverser Control Program 
(LabVlew Software)
SMOCI Transmiter
The pulses start 
to record the data
Traverser 
X,Y Positions
Constant Temperature Anemometry System
Wheatstone Bridge Servo Amplifier Data Conversion Calibration
3f
Flow Statistics
ANALYSES
Figure 14. Flow chart o f data acquisition
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2.2.4 Investigation Grid 
Y-travel:
One step of the stepper motor provided 0.03125 mm of linear motion and the time 
required for each step was 0.2980 miliseconds. The size of the investigation giid in 
the y-direction was 850 mm (Figure 15) or 27200 steps of the stepper motor. The 
time required to traverse this distance was, therefore, 8.1055 sec.
At a sampling rate of 2000 Hz, the sampling time of 8,1055 seconds gives a total of 
16211 investigation points per line. To allow for turbulence in the flow, the data are 
averaged in blocks of 48 measurement points corresponding to approximately 2.5 
mm of motion. Thus, 339 averaged data values are collected during each Y traverse.
0 sec  
0 mm
0 step
Start Point
Z V
Y max Travel 8,1055 sec  , 850 mm
Y step
-H- # 44
•  Auxiliary Pulse
27200 steps
Figure 15. Investigation giid
Z-travel
The length of the investigation grid in the Z-direction was set at 600 mm. This 
length was divided into steps of 5 mm giving a total of 121 measurement points in 
the Y direction. The total time talcen to traverse the entire 850 mm x 600 mm grid 
was just over 20 minutes and a total of 41019 measurements were obtained for each 
grid. A schematic of this process is presented in Figure 15.
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2.2.5 Wind Tunnel Models of Winglets
The wind tunnel models used in the experiments were real wing tips taken from the 
single seat, HpH 304CZ/C sailplane's wings (Figure 17). The models were mounted 
vertically on a base plate that was secured to a rail track mechanism. This 
mechanism allowed the model to be moved backwards and forwards in the wind 
tunnel working section to change the distance between the model and the hot-wire 
measurement plane. In addition, the base plate was designed to allow the incidence 
of the model to be changed.
During the experimental program four types of wing tips were investigated; a wing 
without a winglet and then three 304CZ sailplane wing tips of different design. The 
key parameters that defined the winglet designs are shown in Figure 16 and are the 
winglet airfoil, sweepback, cant angle, twist distribution and ratio of winglet root 
chord to winglet tip chord (taper). Details of the sailplane itself and photograph of 
the test models are provided in Figures 17 an 18 respectively.
/  RADIUS
WINGLET 
TIP CHORD
WINGLET 
ROOT CHORD
WINGLET AIRFOIL
Figure 16. Key design parameters o f winglets
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Figure 17. Sailplane HpH 304 CZ, 304C Wasp
304CZ
FAI 15 m eter class flapped glider
304C Wasp
FAX standard class gliderModel /  Configuration
Material CfC CfC
Number of seat
Dimensions
Wing
15m /  49.21 ft 
(17.4m - with tip extensions)15m /  49.21 ftSpan
9.88 m2 /  105.35 sqft 9.90 m2 /  106.59 sqftArea
Aspect Ratio 22.78 22.80
Wing Airfoil HQ 010-1642
Fuselage
6.45m /  21.16 ftLength 6.45m /  21.16 ft
Height 1 .3 6 m /4 .4 6  ft 1 .3 6 m / 4.46 ft
Weights
235kg /  518.0 lb 235kg /  518.0 lbEmpty
450kg /  992.07 lb 450kg /  992.07 lbMax. AUW
Max. Wing loading 45.55 k g /m 2 / 9.33 lb/ft 45.45 kg/m2 /  9.32 lb/ft
Min. Wing loading 30.80 k g /m 2 / 6.31 Ib/sqft 30.80 kg/m2 /  6.31 Ib/sqft
115L / 30.37 galWaterballast 115L/ 30.37 gal
Wt. Non lifting Parts 300kg /  661.4 lb 300kg /  661.4 lb
Limitations
250km/h - 155.35 mphVNE 2S0km/h - 155.35 mph
Stall speed (at max AUW) 73km/h - 45.36 mph 73km/h - 45.36 mph
0.55 m /s - 1.83 ft/secmin. sink 0.57 m /s - 1.86 ft/sec
at speed - normal w t 60 km.h - 37.30 mph 77 km.h - 47.85 mph
Best L/D (at max AUW) 44 42.7
at speed 73 km/h - 45.36 mph 116 km/h - 72.08 mph
Tab. 1. Technical data of HpH 304CZ, 304C Wasp sailplane
Options:
Standard wing tip, detachable winglets and wing tips for 17.43 meter (Figure 18)
Wind tunnel model A: 
Wind tunnel model B: 
Wind tunnel model C: 
Wind tunnel model D:
HpH 304 sailplane’s standard wing tip
HpH 304 sailplane’ s detachable winglet
HpH 304 sailplane’s winglet
HpH 304 sailplane’s wing tip for 17.43 meter span
Wing tip model A Winglet model B
j
Winglet model C Wing tip model D
Figure 18. Wind tunnel wing tip models
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Chapter 3
3. Experimental Results
This chapter presents the measurements of the 3-dimensional vortex structures 
created by the various wing tip geometries, with data presented using Tecplot 
software.
Figures 19-35 present measured data for four wing tip configurations in three planes 
(x/b= 0.2, 1 and 2) with the wings at angles of attack a  = 0, 3, 6 degrees 
(alternatively 9 degrees) at a free stream velocity Uoo= 33 m/s.
The vortex structures have been examined by measuring the U, V and W velocity 
components in 3 planes perpendicular to the wind tunnel axis.
The diagrams in figures 22, 26, 31, 35 give the location of the downstream wake (the 
regions containing decelerated particles having passed through the boundary layer). 
The domains have been selected from the matrices of measured points by 
suppressing velocities of the free stream value and higher.
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3.1 Results I: Wing Tip Model A
3.1.1 Observations
Configuration:
Wing tip A is basically a standard wing tip with a small vertical extension that 
projects downwards from the lower surface of the wing. This small extension 
protects the wing tip against damage during the sailplane’s take-off.
Distributions of flow field parameters contained in figures 19 -22 show:
Vortex core location:
When the angle of attack is increased the vortex is deflected slightly downward. The 
vortex core does not change its position in the z direction, leaving the vortex parallel 
to the free stream flow.
Vorticity volume:
The tip vortex size increases with increasing angle of attack and with downstream 
distance.
Vorticity in the wake of the main wing gradually increases when the angle of attack 
increases. On the other hand the vorticity level in the wake gi'adually decays when 
moving downstream.
The vorticity decrease in the wake behind the wing trailing edge corresponds to the 
tip vortex increment. This is consistent with the roll-up process when the vorticity 
becomes more concentrated in a single tip vortex.
The location of the vorticity area generally changes with distance behind the wing.
24
Downwash effect:
The pictures in figure 22 show the downstream wake position. The trailing wake 
behind the wing moves downward as a result of the induced velocity distribution. 
Increasing the angle of attack causes an increase in induced velocity and thus 
stronger downwash.
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3.1.2 Vector Plots of Velocity Distribution and Contour Plots of Vorticity 
Distribution
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Figure 19. Velocity and vorticity distribution behind wing tip model A,
angle o f attack 0 degrees.
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Figure 20. Velocity and vorticity distribution behind wing tip model A,
angle o f attack 3 degrees.
27
800Y[ma]
700
*////■
! i  i  !  /  é ; / / / ; / / / / /w ; / / / / / /  '-
i l l
i \ .  \  i \ l  M l'y, y  K l y  .N. -t. i~1 -T- l- l  -r r-i T !-■
VELOCITY 
DISTRIBUTION
x / b » 0 .2
U *33  m /a  
a l£ a = O d e g r e e  
R e = 8 .E + 0 .5
x / b = 0 . 2
700 r
1 0 0  2 0 0  3 00  4 0 0  5 0 0  Z 600Cmn]
VORTICITY
DISTRIBUTION
« g  0 .5 5  
0 .4 5  
0 .3 5  
0 .2 5  
0 .1 5  
0 .0 5
U =33 m /s
a l£ a = 6 d e g r e e
R a = 8 .E + 0 .5
10 0  2 0 0  3 00  4 0 0  5 0 0  Z 6 0 0 I M
VELOCITY
DISTRIBUTION
0 .5 5
U =33 m /s  
a l£ a = 6 d e g r e e  
R e = 8 .E + 0 .5
0 .4 5
0 .3 5
0 .2 5
0 .1 5M: 0 .0 5ü = 3 3  m /s  a l £ a - 6 d e g r e e  
R o = 8 .E + 0 .5
1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  Z 6 0 0 0 = ]5 0 0  Z eOOinn]
3 VORTICITY  
DISTRIBUTION
VELOCITY
DISTRIBUTION
0 .5 5
U =33 m /s  
a l £ a = 6 d e g r e e  
R e = 8 .E + 0 .5
0 .4 5
0 .3 5
0 .2 5i|:v\ \ \ 0 .1 5
5 0 0  Z gOOinmi]
0 .0 5
U =33 m /s
a l£ a = 6 d e g z e e
R a = 8 .E + 0 .5
10 0  2 0 0  30 0  4 0 0  5 0 0  Z GOOCnm]
Figure 21. Velocity and vorticity distribution behind wing tip model A,
angle o f attack 6 degrees.
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3.1.3 Downstream Wake Position
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Figure 22. Downstream wake behind wing tip model A
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3.2 Results II: Winglet Model B
3.2.1 Observations
Configuration:
The winglet configuration includes 30 degrees of sweep-back, a cant angle of 5 
degrees, twist of 3 degrees and a very small radius between the wing and winglet. 
Distributions of flow field parameters contained in figures 23 -26 show:
Vortex core location:
In this case, there are two clear separated vortex structures: One at the wing/winglet 
junction and the other at the tip of the winglet.
Results show the roll-up process. The vortex core at the wing/winglet junction 
moves outboard as opposed to the winglet tip vortex which moves inboard.
Vorticity volume:
The vorticity area between the tip vortex and the junction vortex does not appear to 
change its intensity with changing angle of attack. This effect corresponds to the 
theory which suggests that higher vorticity level, in this region would require an 
increase in cant angle. It is also evident that the vorticity area gradually decays with 
distance downstream and rotates slightly in the direction of rotation of the tip vortex. 
Compared to model A, the vorticity behind the wing trailing edge is almost non­
existent, contrary to the wake behind the winglet where the vorticity is very 
pronounced.
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Downwash effect:
The downstream effect is significantly different to model A in terms of the 
movement of the main wing wake. This is indicative of the impact of the winglet on 
the distribution of induced velocity.
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3.2.2 Vector Plots of Velocity Distribution and Contour Plots of Vorticity 
Distribution
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Figure 23. Velocity and vorticity distribution behind winglet model B,
angle o f attack 0 degrees.
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Figure 24. Velocity and vorticity distribution behind winglet model B,
angle o f attack 3 degrees.
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Figure 25. Velocity and vorticity distribution behind winglet model B,
angle o f attack 6 degrees.
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3.2.3 Downstream Wake Position
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Figure 26. Downstream wake behind winglet model B
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3.3 Results III: Winglet Model C
3.3.1 Observations
Configuration:
This winglet configuration has a sweep back angle of 40 degrees, cant angle of 5 
degrees, twist of 3 degrees and the wing/winglet junction, compared to model B, is 
designed to reduce interference effects via a greater radius between the wing and the 
winglet. The winglet also has a greater taper ratio compared to model B.
The geometry of sweeping the winglet back and higher taper ratio is presented in 
figures 27-31.
Vortex core location:
The measurements show that both the wing/winglet vortex and the winglet tip vortex 
move inboard with increasing distance behind the wing. The winglet tip vortex is 
less distinct, but it should be remembered that the tip of the winglet will be closer to 
the measurement plane in this case and so the roll-up may not be as complete.
Vorticity volume:
In the figures presented, the vorticity associated with the wing/winglet junction does 
not appear as a single well defined vortex but rather as a more spread-out region of 
vorticity.
Compared to model B the vorticity levels in each of the measurement planes at low 
angles of attack are relatively low. In fact, at higher angles of attack, the measured 
levels are similar to those of model B at lower angles of attack.
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The region of vorticity which is clearly visible below the wing tip is the wake behind 
a small pod which covers a small wheel. This wheel prevents the wing tip from 
ground impact during take-off and landing.
The outboai'd shift of the structure as the angle of attack increases is caused by the 
natural pressure gradient from the pressui'e side to the suction side of the wing.
The same effect is observed in the flow field past model B
Downwash effect:
The vertical position of main wing wake is lower than for model A. This suggests 
stronger local downwash in the vicinity of the winglet.
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3.3.2 Vector Plots of Velocity Distribution and Contour Plots of Vorticity 
Distribution
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Figure 27. Velocity and vorticity distribution behind winglet model C,
angle o f attack 0 degrees.
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Figure 28. Velocity and vorticity distribution behind winglet model C,
angle o f attack 3 degrees.
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Figure 29. Velocity and vorticity distribution behind winglet model C,
angle o f attack 6 degrees.
40
VORTICITY  
j DISTRIBUTION
VELOCITY
DISTRIBUTION x / b = 0 .2
x / b = 0 .2 0 .5 5
! /  i  i  M  /  /lit U—3 3  m /s  a l f a = 9 d e g r e e  R e = 8 .E + 0 .5 0 .4 5M l 0 .3 50 .2 50 .1 5
0 .0 5
ü = 3 3  m /s  
a l £ a = 9 d e g r e e  
R e = 8 . E + 0 .5
5 0 0  Z eOOimnJ 1 00  2 0 0  3 00  4 0 0  5 0 0  Z fiOOinm]
VORTICITY 
- DISTRIBUTIONx / b = l
x / b = l 0 .5 5
U =33 m /s  
a l f a = 9 d e g r e e  
R e = 8 . E + 0 .5
0 .4 5
M  M  I
0 .3 5u n
0 .2 5/ / / / ' t
0 .1 5
0 .0 5
U =33 m /s  
a l £ a = 9 d e g r e e  
R e = 8 .E + 0 .5
5 0 0  Z 6 0 0 1 = 0 1 0 0  2 0 0  3 00  4 0 0  5 0 0  Z 6 0 0 1 = 0
i  VORTICITY 
DISTRIBUTION
0 .5 5
j ! :U  I I I( ;ii,/ } / / / / ' It I
U =33 m /s  
a l £ a = 9 d e g r e e  
R e = 8 .E + 0 .5
0 .4 5
0 .3 5
0 .2 5
0 .1 5
0 .0 5
1 0 0  2 0 0  3 00  4 00  5 0 0  Z 6 0 0 1 = 0
U =33 m /s
a l £ a = 9 d a g r e e
R o = 8 .E + 0 .5
1 0 0  2 0 0  3 00  4 0 0  5 0 0  Z 6 0 0 [ = 0
Figure 30. Velocity and vorticity distribution behind winglet model C,
angle o f attack 9 degrees.
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3.3.3 Downstream Wake Position
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Figure 31. Downstream wake behind winglet model C
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3.4 Results IV: Wing Tip Model D
3.4.1 Observations
Configuration:
The model D presents a small upward swept wing tip.
Vortex core location:
The vortex core does not develop before an angle of attack of 3 degrees and 
gradually evolves inboard of the wing tip.
Vorticity volume:
At zero angle of attack the figures give a specific flow distribution which was not 
observed on previous models. At 6 degrees angle of attack the vorticity is well 
distributed and follows clearly the curvature of the wing tip. In comparison to the 
other models the trailing wake keeps its shape and volume with distance behind the 
wing
Downwash effect:
The geometry of this wing tip is not that of a typical winglet. In comparison to 
models B and C this configuration also improves the flow field and gives lower 
vertical position of the wake then model A.
43
3.4.2 Vector Plots of Velocity Distribution and Contour Plots of Vorticity 
Distribution
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Figure 32. Velocity and vorticity distribution behind winglet model D,
angle o f attack 0 degrees.
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Figure 33. Velocity and vorticity distribution behind winglet model D,
angle o f attack 3 degrees.
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Figure 34. Velocity and vorticity distribution behind winglet model D,
angle o f attack 6 degrees.
46
3.4.3 Downstream Wake Position
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Figure 35. Downstream wake behind wing tip model D
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Chapter 4
A n a ly s i s  o f  t h e  R e s u l t s
4 .1  C ir c u la t io n :  D e f in i t i o n  a n d  it s  R e la t io n  t o  V o r t ic i t y
This section describes the equations which have been used for the quantitative 
evaluation of the measured flow fields in terms of vorticity and circulation.
The circulation is defined as:
r  =  U  • d l , (4)
with the line integral taken along a closed contour C in a counter-clockwise sense
(mathematical convention is that circulation is defined as numerically positive when
counter-clockwise and negative when clockwise).
By using Stokes’ theorem we can wiite equation (4) as a surface integral. If there is a 
finite value of circulation ai'ound C, then the fluid lying in any surface S bounded by 
C must include vorticity.
c[ u - d l =  I  ( V - u ) - d S =  I  co-dS , (5)
where the vorticity co of the fluid is defined as
(0 = V X u  ( 6 )
Physical meaning of vorticity: In two-dimensions, vorticity is the sum of angular 
velocities of any pair o f mutually-perpendicular infinitesimal fluid lines passing 
through the point in question.
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In other words, circulation is the integral counterpart of vorticity. This is Kelvin’sc
circulation theorem, which states for inviscid (Motionless) fluids of unifomi density 
with conservative forces that the circulation around a closed curve remains constant.
It is thus often necessary to define a vortex core where viscous forces are not 
negligible and the vorticity is finite and hence, there is a finite velocity. This 
rotational core can be idealized with a velocity profile (7)
u , = 1 / 2 -q)„ -r y 2 , (7)
where rc is the radius of the core. Matching velocities at r = r ,^ this makes the flow 
irrotational outside the core (8)
u , = l /2 -c o „ -r y 2 r  (8)
and the circulation is defined as
T = 71-a>Q'r^  (9)
This distribution, known as a Rankine vortex, has a region of constant vorticity at 
r < rc and a discontinuity at r = rc, beyond which the vorticity is zero.
The vorticity field is calculated directly fi'om the velocity field. Figure 36 shows the 
rectangular coordinate system for the measurement of a 3-dimensional velocity field, 
with +X in the direction of the freestream flow velocity, +Y normal to the plane of 
the wing, and +Z in the direction of the span of the wing.
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Equation (10) determines the vorticity component along the X direction (streaniwise 
vorticity), where V and W are the velocity components along Y and Z directions, 
respectively.
CO =  % (10)
Figure 36. Coordinate system and velocity components definition
Figures 37 and 38 illustrate the calculation of the circulation in YZ plane behind the 
wing tip models based on equations (4) and (5):
Y f
[mm] closed circuit C
575125
Figure 37. Definition of circulation in the YZ plane behind the wing tip models
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The equation of circulation becomes
r  =  ^  u ° d l  =  (  ^ u  -COS0 dl ( 1 1 )
where the expression u  • COS 0  is equal either to the vector W  or V  and d l  is 
equal to the increment d z  or d y  (figure 37)
CD
8
W
r
w
Figure 38. Vorticity area enclosed by the closed curve C
In this case vectors V and W were measured by a hot-wire probe. Using Simpson’s 
formula for the calculation of limited integrals (figure 38) we can write equation (11) 
as
r  =  I  — ( w q  +  4w ,  +  2w 2 + . . .  +  - f  W j J  I  +
a  -3
 ^ h+  I  —  ( v „  +  4v ,  +  2 v ,  + . . .  +  4 v  ,  +  V  )  I  +3 \  u 1 2 n -1  n /  [
+  I  — ( w .  +  4w ,  +  2 w ,  + . . .  +  4w  .  T -  w  }  I  +I ^  \  u  i  Â  n - ^ i  n  /  I
+ I —(vg +  4Vj +  2 v 2 + ... +  4v„_, +  I [m^/s] (12)d 3
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CD À
a+h a+ 2 h  a+3h
Figure 39. General function 
where h = (b-a)/n = dz or dy (figure 37, 39)
The values of circulation have been calculated in all three downstream measurement 
planes (x/b=0.2, x/b=l, x/b=2).
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4.2 Numerical Analysis of the Vorticity Distribution in terms of 
Circulation
The integral quantities calculated by the procedures given in the foregoing paragraph 
(4.1) are summarised in tables 2, 3, 4 and 5 in terms of the circulation magnitude.
The data included in the above tables, developed from figures 40, 41, 42 and 43, 
contain the calculated magnitude of circulation for a range of integi'ation paths.
The contours (7 examples) along which the values of circulation have been 
calculated are shown in figures 40, 41, 42 and 43. The obvious requirement for the 
choice of the integration contour is a box that contains all the major vortex structures 
in all measured planes for all measured angles of attack. If the boxes contain all the 
vorticity then, theoretically, the magnitude of circulation should be constant 
regardless the path of integi'ation.
The tables 2, 3, 4 and 5, give the calculated values for each of the contours, the 
average values of each measurement plane and the deviation of each contour fi'om 
the average. In all causes the deviation stays within +- 5 % of the average.
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Figure 40. Definition of integration paths -  model A
Contour No.: Origin Z,Y: Box dim
Contour 1 : 10, 2.5 580,770
Contour 2: 10, 10 565,740
Contour 3: 10, 20 550,710
Contour 4: 10, 30 535,680
Contour 5 : 10, 40 520, 650
Contour 6: 10, 50 505, 620
Contour 7: 10, 60 490, 590
Figure 40 shows the vorticity structure behind wing tip model A at an angle of attack 
of 3 degrees in the third measurement plane.
The integration paths have been chosen with respect to the vorticity structure so that 
even the smallest box still contains all the significant vortex structures.
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deg. 1 plane 2 plane 3 plane
r [m^ /s] *
0 3161 2900 28623 3902 3829 38156 4877 4853 4807
[%1 ** [%*]* f%]**
contour 1 0 3184 1 2870 1 2892 1
contour 2 3180 1 2896 0 2778 3
contour 3 3184 1 2924 1 2875 0
contour 4 3183 1 2872 1 2855 0
contour 5 3200 1 2900 0 2858 0
contour 6 3099 2 2989 3 2877 1
contour 7 3100 2 2851 2 2900 1
contour 1 3 3887 0 3845 0 3830 0
contour 2 3877 1 3710 3 3722 2
contour 3 3834 2 3873 1 3832 0
contour 4 3966 2 3797 1 3824 0
contour 5 3881 1 3771 2 3761 1
contour 6 4010 3 3932 3 3841 1
contour 7 3860 1 3877 1 3893 2
contour 1 6 4881 0 4876 0 4788 0
contour 2 4749 3 4763 2 4711 2
contour 3 4918 1 4870 0 4847 1
contour 4 4876 0 4873 0 4804 0
contour 5 4892 0 4857 0 4870 1
contour 6 4883 0 4846 0 4868 1
contour 7 4940 1 4886 1 4762 1
* average value o f  circulation along 7 integrating contours 
** deviation from the average value o f  circulation
Table 2. Dependence of the circulation magnitude on integration path for wing tip
model A
Table 2 shows the circulation values calculated along 7 integration paths at angles of 
attack of 0, 3 and 6 degrees in three planes. The circulation values from 7 
calculations are averaged and this average represents the total magnitude of 
circulation for the specific angle of attack and measurement plane.
The same procedure is used for the models B, C, D and the data are summarized in
tables 3, 4 and 5.
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Figure 41. Definition of integrating paths -  model B 
Origin Z,Y: Box dimension (Z, Y):
Contour 1 : 10, 2.5 580, 770
Contour 2: 10, 10 565,740
Contour 3 : 10, 20 550,710
Contour 4: 10, 30 535,680
Contour 5 : 10, 40 520, 650
Contour 6: 10, 50 505, 620
Contour 7: 10, 60 490, 590
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deg. 1 plane 2 plane 3 plane
r  [m^ /s]
-3 2320 2063 19950 2792 2774 27573 4308 4263 41226 5067 5024 4858
f%] [%1 [%1
Contour 1 : -3 2447 5 2073 0 2034 2
Contour 2: 2440 5 2113 2 2088 5
Contour 3: 2343 1 2095 2 2032 2
Contour 4: 2325 0 2056 0 1948 2
Contour 5: 2209 5 2047 1 1952 2
Contour 6: 2247 3 2020 2 1973 1
Contour 7: 2231 4 2037 1 1940 3
Contour 1 : 0 2808 1 2798 1 2803 2
Contour 2: 2661 5 2754 1 2660 4
Contour 3: 2826 1 2828 2 2703 2
Contour 4; 2779 0 2833 2 2808 2
Contour 5: 2824 1 2716 2 2806 2
Contour 6: 2773 1 2692 3 2763 0
Contour 7: 2871 3 2795 1 2757 0
Contour 1 : 3 4280 1 4272 0 4035 2
Contour 2: 4124 4 4226 1 4002 3
Contour 3: 4350 1 4201 1 4173 1
Contour 4: 4394 2 4294 1 4041 2
Contour 5: 4363 1 4329 2 4181 1
Contour 6: 4248 1 4276 0 4230 3
Contour 7: 4396 2 4246 0 4195 2
100
Contour 1 ; 6 4990 2 5010 0 4801 1
Contour 2: 4934 3 4916 2 4751 2
Contour 3: 5052 0 5058 1 4907 1
Contour 4: 5053 0 5106 2 4883 1
Contour 5: 5115 1 5036 0 4844 0
Contour 6: 5125 1 4998 1 4888 1
Contour 7: 5200 3 5042 0 4932 2
Table 3. Dependence of the circulation magnitude on integration path for wing tip
model B
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Figure 42. Definition of integrating paths -  model C
Contour No.: Origin Z,Y: Box dimension (Z, Y):
Contour 1 : 10, 2.5 580,770
Contour 2; 10, 7.5 560,750
Contour 3: 10, 12.5 540,730
Contour 4: 10, 17.5 520,710
Contour 5 : 10, 22.5 500,690
Contour 6: 10, 27.5 480,670
Contour 7: 10, 32.5 460,650
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deg. 1 plane 2 plane 3 plane
r [m^ /s]
-3 1621 1555 15420 2488 2400 23443 3182 3159 31306 4431 4364 42579 5203 5118 5095
[%] [%] [%]
contour 1 : -3 1645 2 1613 4 1534 0
contour 2 1648 2 1579 2 1557 1
contour 3 1653 2 1521 2 1549 0
contour 4 1612 1 1559 0 1549 0
contour 5 1622 0 1564 1 1488 3
contour 6 1578 3 1552 0 1561 1
contour 7 1586 2 1500 4 1553 1
contour 1 0 2501 1 2420 1 2339 0
contour 2 2573 3 2475 3 2433 4
contour 3 2559 3 2440 2 2405 3
contour 4 2452 1 2366 1 2324 1
contour 5 2482 0 2397 0 2303 2
contour 6 2445 2 2350 2 2306 2
contour 7 2401 3 2350 2 2298 2
contour 1 : 3 3205 1 3198 1 3170 1
contour 2: 3159 1 3139 1 3016 4
contour 3; 3163 1 3145 0 3147 1
contour 4: 3108 2 3104 2 3054 2
contour 5; 3225 1 3170 0 3146 1
contour 6: 3167 0 3155 0 3238 3
contour 7: 3246 2 3200 1 3136 0
contour 1 6 4442 0 4369 0 4297 1
contour 2 4313 3 4238 3 4227 1
contour 3 4406 1 4386 1 4319 1
contour 4 4469 1 4503 3 4306 1
contour 5 4468 1 4409 1 4255 0
contour 6 4441 0 4335 1 4266 0
contour 7 4481 1 4305 1 4127 3
contour 1 9 5181 0 5144 1 5027 1
contour 2 5075 2 5098 0 5011 2
contour 3 5188 0 5227 2 5061 1
contour 4 5263 1 5117 0 5083 0
contour 5 5217 0 5229 2 5134 1
contour 6 5191 0 5036 2 5225 3
contour 7 5303 2 4972 3 5127 1
Table 4. Dependence of the circulation magnitude on integration path for wing tip
model C
59
Frame 001 04 Mav 2004 6d3p 33m s V\/VSJD
100  200  300  400  500  Z 6 0 0 [mm]
Figure 43. Definition of integrating paths -  model D
Contour No.: Origin Z,Y : Box dimension (Z, Y):
Contour 1 : 10,2.5 580, 770
Contour 2: 10, 10 560, 740
Contour 3: 10, 20 540,710
Contour 4: 10, 30 520,680
Contour 5: 10, 40 500,650
Contour 6: 10, 50 480,620
Contour 7; 10, 60 460, 590
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deg. 1 plane 2 plane 3 plane
r [m^ /s]
0 2694 2516 24853 3318 3269 32596 4041 3950 3907
f%l [%1 [%]
contour 1 0 2685 0 2582 3 2548 3
contour 2 2608 3 2538 1 2476 0
contour 3 2753 2 2584 3 2510 1
contour 4 2660 1 2445 3 2510 1
contour 5 2660 1 2492 1 2453 1
contour 6 2734 1 2527 0 2417 3
contour 7 2757 2 2442 3 2484 0
contour 1: 3 3397 2 3231 1 3322 2
contour 2: 3258 2 3151 4 3205 2
contour 3: 3337 1 3217 2 3281 1
contour 4; 3263 2 3298 1 3238 1
contour 5: 3290 1 3333 2 3299 1
contour 6: 3347 1 3315 1 3254 0
contour 7: 3337 1 3336 2 3217 1
contour 1 6 4112 2 3911 1 3949 1
contour 2 3938 3 3815 3 3846 2
contour 3 4032 0 4020 2 3894 0
contour 4 4087 1 3914 1 3933 1
contour 5 4028 0 4021 2 3951 1
contour 6 4069 1 3948 0 3894 0
contour 7 4022 1 4021 2 3883 1
Table 5. Dependence of the circulation magnitude on integration path for wing tip
model D
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4.3 The Discussion of Experimental Results
Plots which summarize the analysis of circulation and the location of the wake are 
presented in figures 44, 45, 46, 47, 48, 49 and 50.
The plots of circulation (figures 44, 45, 46, 47 and 48) are given in terms of 
circulation as a dimensional value [m^/sec] and consequently relate to the lift force 
[N], not to the lift coefficient. The differences in the magnitude of circulation for the 
particular models are therefore due, in parts, to different wing tip areas and so 
preclude the direct comparison on a dimensional basis.
The measured models represent four wing tip geometries. Their spans are identical 
but, due to the different planforms, the four wing tips do not have the same aspect 
ratio. As a consequence, direct comparison of the details of the flow can’t be made. 
Due to the planform similarity, however, it is possible to make a qualitative 
comparison between models A and B and to same extent between models C and D.
It should be noted that a series of experiments based on the four wing tips is not 
sufficient to completely describe and understand the complexity of vortex systems 
downstream the wing. Despite these limitations some observations arising from the 
measurements can be made.
6 2
1. Lift is proportional to circulation (the Law of Kutta-Joukovski). A consequence 
of this is that the vaiiation of circulation against angle of attack within the 
linear range of lift should also be linear. The measurements are in accord with 
this statement only in the case of models A, D and partially C. The deviation in 
figure 45 (model B) is assumed to be due to the contribution of the winglet to 
the total measured circulation.
2. Not withstanding point 1 above, the direct contribution of the winglets to the 
wing lift is generally of a small order, so that the total value of circulation is 
expected not to be significantly different Ifom model to model. The 
comparisons of data for the wing tips (A-B) and (C-D) show differences in the 
magnitude of circulation which are not substantial (figure 48).
3. The theory of vorticity concludes that the intensity of circulation in an ideal 
flow field should stay constant along the vortex structures downstream the 
wing. Obviously in real flow fields the circulation reduces at increasing 
distances owing to Iriction and energy dissipation. The distances of the 
measurement planes behind the wing are not enough to observe a significant 
circulation decrease (figures 44, 45, 46, 47). The planes where the cross flow 
was measured are still in a wing near field so that the decrease is not too 
pronounced. Despite this, a gradual reduction is observed in all cases.
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4. The measurements of downwash clearly show that the difference in the vertical 
downwash location is significantly reduced (weaker downwash) when the 
winglet is incorporated (model A - B ,  Figure 49). It indicates smaller induced 
values along the wing span which consequently lead to the reduction of the 
induced drag. The decrease o f the vertical position of downwash is of the value 
(15-20) %. It should be noted that there is no simple correspondence between 
the downwash and the induced drag. Despite that the measurements indicate 
that even when the magnitude of total circulation is not changed the winglets 
and their geometry alter significantly the form and position of downwash 
affecting thus the induced di'ag.
The above remarks are consistent with the theory relevant to the development of 
vortex stmctures in the flow field downstream the wing.
Direct comparison of the models has been impeded by their geometry which is not of 
the same aspect ratio. For evaluating induced quantities this parameter is the most 
important. Any further research on the problem should avoid this shortcoming by 
preparing of models of the same aspect ratio and, moreover, of a larger semi-span.
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Winglet
model
A 1®'xy plane 2"^  xy plane 3'^  xy plane
alfa = 0 degree 3161 2900 2862
alfa = 3 degrees 3902 3829 3815
alfa = 6 degrees 4877 4853 4807
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Figure 44. Circulation behind wing tip model A
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W inglet
m od el
r  [m /^s]
plane 2"^  xy plane 3'^  xy plane |
B alfa = - 3 degrees 2320 2063 1995
alfa = 0 degree 2792 2774 2757
alfa = 3 degrees 4308 4263 4122
alfa = 6 degrees 5067 5024 4858
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2500
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Figure 45. Circulation behind winglet model B
66
Winglet
model
C
r  [m /^s]
1®‘xy plane 2"^  xy plane 3'^  xy plane
alfa = - 3 degrees 1621 1555 1542
alfa = 0 degree 2488 2400 2344
alfa = 3 degrees 3182 3159 3130 j
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■O
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Figure 46. Circulation behind winglet model C
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Winglet
model
D
r  [m /s]
1*xy plane 2"^  xy plane 3'^  xy plane
alfa = 0 degree 2694 2516 2485
alfa = 3 degrees 3318 3269 3259
alfa = 6 degrees 4041 3950 3907
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7 a  [d e g r e e ]
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a=64 000
3000
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Figure 47. Circulation behind wing tip model D
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Figure 48. Summary o f circulation behind wing tip models
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Wing tip model A vs. winglet model B
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Figure 49. Downstream wake position behind wing tip model A vs. winglet model B
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220
E
210
rac 200o8 190
180
170
160
150
140
x/b1.2 1.6 20 0.4 0.8
Figure 50. Downstream wake position behind winglet model C vs. wing tip model D
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Chapter 5
C o n c lu s io n
Experimental instrumentation for the investigation of the flow field behind wing tip 
models has been designed, manufactured and set-up. A newly designed traverse 
mechanism has made it possible for measurements to be made at high spatial 
resolution within a large enough area for full size wing tip models to be tested. An 
additional feature of the system is that the time required for testing is also relatively 
short, depending on the grid size and the number of planes. Complete mapping may 
be done in a couple of hours, covering the full size wing tip model, several angles of 
attack and a fine testing grid size.
The experimental results that have been collected in this project demonstrate first of 
all the feasibility of mapping 3-D flow fields with the CTA anemometer. The 
examples show how data can be exported and presented in 3-D vector and contour 
plots. The combined vector/contour plots for a system of testing planes behind the 
models may also indicate how the wing tip vortices behave and develop with 
increased distance from the wing.
The experimental investigations clearly indicate that at the comparable values of the 
total wing circulation (wing lift) the winglet geometry influences the character and 
the position of induced flow quantities, hi particular, both the vorticity distribution 
and downwash are altered in a manner that will have a direct impact on the wing 
induced drag.
72
The analysis of experimental results concludes that the measured data comply with 
the physical image of vortex structures which is expected to develop downstream the 
wing.
The work carried out here confirms the importance of the investigated phenomena on 
the induced flow around the wing and should serve as the preparation for further 
systematic research.
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Appendix A
Hot Wire Anemometry and Concept of Effective Velocity
74
Cross-Wire Sensor and Concept of Effective Velocity
The Cross-Wire Sensor combines two hot wires in the plane to form a ‘X’, The X- 
wire sensor analysis makes the assumption that the velocity is in the plane of the two 
sensors (Figure 51.). The sensor inclination angle (slant) is the angle measured in the 
plane of the needles made by a sensor with the normal to the probe axis. The 
nominal slant angle for a cross-wire sensor probe is 45 degrees. The dimensions of 
the sensor’s wires are 0.005 mm in diameter and 1.25 mm long. The total 
measurement volume is approximately 0.5 mm^. The wire material is platinum 
plated tungsten. The probe holder keeps the sensor wires 45 mm upstream of the 
main part of the probe.
Figure 51. X-wire sensor Dantec 55P51
To define a relationship between the sensor’s output voltage and velocity that is 
independent of orientation, the concept of effective velocity shall be explained. 
Several cooling ’laws’ have been proposed to introduce the effective cooling 
velocity.
Heated Sensor A Heated Sensor B
Figure 52. Illustration o f the effective velocity
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The example given above is referred to as the Cosine law (Figure 52), where
V^jj--V'Cosa  (13)
Since the heat loss of the wire is not zero at alpha equals ninety degrees the cosine 
relationship does not hold. A more accurate description of the directional sensitivity 
of inclined sensors is given by Jorgensen’s equation:
~ Ct + /c^  sin^ a \  (14)
where k is the calibration constant found empirically.
The equation (14) can be rewritten in tenns of velocity vectors with respect to the 
sensor geometry:
(15)
Referring to Jorgensen’s equation and rewriting it for the two sensors in a cross-wire 
sensor probe (Fig, 47) we obtain (15) or (16) and since Uni = U t2 and Uxi = Un2
(i<5)
7 / 7  _  7^7 ^ 7 / 2
4 ,  -  O ’ )
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Hence, given a pair of cooling velocities (Vem, Veffz) from a single measurement of a 
cross-wire sensor probe, we can compute the u and v components and also the total
magnitude V .
(19)^|2
II - UV = ■  (20)
V = { u ^ + V ^ f "  (21)
Converting Voltage to Effective Velocity
Each of the sensor wires is handled by using the TSI IF A 300 constant Temperature 
Unit. The correlation between the output voltage and cooling velocities is obtained 
according to King’s Law
JC = C22)
where, E  is the voltage across the wire, Veff is the velocity of the flow normal to the 
wire and A, B and N  are constants. A can be found by measuring the voltage on the 
hot wire with no flow. Once we know A we can measure the wire voltage for a 
known flow velocity and then determine B Jflom King’s Law, A =0.45 is common for 
hot-wire probes.
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The basic output of the anemometer is called the bridge voltage, Ejj. This voltage is 
signal conditioned, Eo, in order to obtain the optimum resolution of the A/D 
converter:
E q = {Ej^ -  Ofset)x Gain (23)
The temperature coiTected voltage, Æ", is then calculated as follows:
The basic calibration is a cuiwe fit to the effective velocity, Veff, as a function of the 
bridge voltage, E, where:
= K  + A x E  + B ^ E ^ + C - x E ^ - r D x E ^  (25)
Then density correction is applied as follows:
^ e f f { c o r )  - ~ p ^ K f f  ( 2 6 )
Where:
Pc = Atmospheric Pressure during calibration 
P = Atmospheric Pressure during test 
The temperature and density corrections are derived from a fomi of “King’s Law” as 
follows:
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e : = A' + B ' x { p x v J ! N (27)
X-Wire Sensor Calibration
The X-wire sensor must be placed in the uniform jet to obtain the con'elation 
between the output voltage and cooling velocities according to King’s Law.
By placing the x-wire in the jet and maneuvering it to all the possible flow angle 
combinations according to the figure (53), the yaw angle calibration is performed. 
The relation between cooling velocities and flow angles is determined by comparing 
the known yaw angles and known velocity.
6 q o
Figure 53. Probe positions and yaw angle calibration o f the X-wire sensor
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Figure 54 shows specific values of the Bridge Voltage obtained during calibration 
procedure for the velocity range 0 - 4 1  m/s. The result of the correlation between the 
velocity and voltage is shown in figure 55.
IFA 3 00  ia * b ra b o n  ficq u s ib o o  g o s t  Antàyàs
Calibration - Data Table
Probe Senel #. P61X1
C » 1 B r i d g e B r i d g e B r i d g e A c t u a l
P o in t V o l t a g e V o l t a g e V o l t a g e dP V e l o c i t y Tem p
J 3 1 1 6 1 0 1 . 1 6 4 9 16 7 9 18 4 2 ^
14 1 1 7 9 3 1 1 8 0 3 18 92 18  51
1 5 1 . 1 9 5 2 1 . 1 9 8 3 2 1 . 0 5 1 8 . 3 1  j
1 6 1 . 2 1 0 9 1 . 2 1 4 1 2 3 .  OS 1 8 .  5 8 __ 1
1 7 1 . 2 2 3 2 1 . 2 2 8 6 2 5 . 2 6 1 8 .  4 7
I S 1 2 3 7 9 1 2 4 1 4 2 7  2 6 18 8 5
19 1 2 5 2 3 1 .2 5 7 8 2 9  56 19 1 3
2 0 1 . 2 6 4 3 1 . 2 7 1 6 3 1 .7 1 1 9 . 0 9
2 1 1 . 2 7 5 8 1 . 2 8 5 5 3 4 .0 1 1 9 . 2 0
2 2 1 . 2 8 4 7 1 . 2 9 3 7 35 . 8 7 1 8 .  9 9
2 3 1 2 9 S 0 1 3 0 5 3 3 8  17 19 01
2 4 1 . 3 0 7 1 1 . 3 1 8 9 4 0  4 7 19  4 2 zj
C e l  PC 1 1  V o l t s B2 V o l t s A c t  V e l
0 *  0 . 0 0 0 0 Z  0 . 0 0 0 0 , 0 . 0 0 0 0
AlUlliJiJJJUIJ
1 .2 -
'11
10-
0.9-
1 .2 -
&11-so 10
0 9
o ' ■ ** “  • - - « ’- - •D
//
o
I . . . O ____............................ 0.0.0..9........
f i  oo 
/  °
/T .0 8 - 0.7-*
Cooling V«lodly Min 0.00  M w  ^ 9 6  m /se c  
R ed  Lme • CateUatod velocity v s  v o ta g e  
Blue S quare • X  E n o  a t a c q u ie d  d a ta  poinl 
Black C ad e  - A cquaed  d a ta  p o n t trom cakbralion
Fit Z Potynoma Z 3 Older
m o l  ^ 0 1  r  ShowXAxit
Figure 54. Data table - voltage vs. velocity
xj
a O I - 243 30964 
a02-3O 1  29910 
a 0 3 -  128.28213
MSE 0.00918
RBPWRSmJ
a d i -  315.72386 
a0 2 -3 9 1  31078 
a 0 3 - 166 37284
MSE 0  01881
Figure 55. The x-wire sensor specific calibration curves
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Figure 56 shows the relation between the Yaw Angle and Bridge Voltage for probe 
positioning given in figure 53.
Probe Senol# P61XI Velocity ‘ 31.7100 Vel CaJ Point 1
C a l
P t
Yaw
A n g le
1 1 1
Yaw
A n g le
2 1 2
Yaw
A n g l e
3 1 3
1 1 1 5 . 0 0 0 1 . 3 1 0 1 5 . 0 0 0 1 . 3 2 3
2 2 1 . 0 0 0 1 .  3 0 7 2 1 . 0 0 0 1 . 3 1 7
3 2 7 . 0 0 0 1 2 9 8 2 7  0 0 0 1 3 1 1
4 3 3 . ODD 1 . 2 8 8 3 3 . OOO 1 . 3 0 0
i 3 9 . 0 0 0 1 . 2 7 9 3 9 . 0 0 0 1 .  2 8 8
6 4 5 . 0 0 0 1 . 2 6 2 4 5  0 0 0 1 . 2 6 9
7 51 0 0 0 1 2 4 3 51 OOO 1 . 2 4 9
8 5 7 . 0 0 0 1 . 2 2 2 5 7 .  0 0 0 1 . 2 2 3
9 6 3 . 0 0 0 1 . 1 9 6 6 3 . 0 0 0 1 1 9 6
10 6 9  0 0 0 1 1 6 4 6 9  OOO 1 1 6 3
11 7 5 . 0 0 0 1 .  1 3 3 7 5 . 0 0 0 1 1 3 3
□
J
C a l  P t  Y aw  1 I I  V o l t s  Yaw Z 1 2  V o l t s
1 ‘  1 5 . 0 0 0 0  ‘  1 . 3 1 0 1  ^  1 5 . 0 0 0 0  ‘  1 . 3 2 2 6
Figure 56. The yaw angle calibration table
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